Mulberry 1-deoxynojirimycin (DNJ, a potentglycosidase inhibitor) has therapeutic potency against diabetes mellitus. However, the amount of DNJ in mulberry leaves is low (about 0.1%), and a more effective extraction method is needed. Ultrasound-assisted extraction (UAE) was applied in this study for mulberry DNJ extraction, and five factors, the percentage of ethanol in the extraction solvent (x 1 ), ratio of the extraction solvent to mulberry sample (x 2 ), ultrasonic power (x 3 ), extraction temperature (x 4 ) and extraction time (x 5 ), were investigated by fractional factorial 2 ð5-1Þ design (FFD) to obtain the optimum extraction efficiency (DNJ yield, Y 1 ) and extraction productivity (total yield, Y 2 ). The results showed that x 2 , x 3 and x 5 had significant impact on Y 1 and Y 2 , and were further optimized by response surface methodology (RSM). Under the optimized conditions (x 2 , x 3 and x 5 of 7 ml/g, 180 W and 260 s, respectively), DNJ-enriched powder (0.8%) was produced with high extraction efficiency (98%) and productivity (20%), enabling this product to be used for nutraceutical purposes.
1-Deoxynojirimycin (DNJ) is a glucose analogue with an NH group substituting for the oxygen atom of the pyranose ring (Fig. 1) . 1) Due to its potent -glycosidase inhibitory activity and unique distribution in mulberry, 2) DNJ extracted from mulberry leaves has gained considerable attention for use as a functional or medical food to control blood glucose, thereby potentially preventing diabetes. 3, 4) The future use of mulberry DNJ can therefore be anticipated, but the amount of the key compound in mulberry leaves is as low as only 0.1%. [5] [6] [7] Hence, more effective extraction of mulberry DNJ has become one of the important food-processing challenges.
Considering current mulberry leaf products (e.g., powder), their manufacturing processes include the extraction of DNJ from dried leaves by using ethanol, water, or a mixture of both, and the production of DNJ powder by drying the extract. Although the efficiency of these procedures has not been fully investigated, we found that the extraction conditions and the application of ultrasound-assisted extraction (UAE) were important elements for the effective utilization of mulberry DNJ (unpublished preliminary data).
The UAE principle applies mechanical force to break the cell wall and matrices which increases the surface contact between the sample and solvent and improves the extraction efficacy of the target compounds. [8] [9] [10] [11] [12] Response surface methodology (RSM) is a useful statistical technique for determining the optimal settings for experimental factors that give the maximum (or minimum) value for the response. 13 ) UAE optimized by RSM has brought benefits (e.g., reduced extraction time) 10, 11) to the extent that an industrial process has been proposed for manufacturing nutraceutical products.
On the basis of these factors, this study was aimed to determine the optimum UAE conditions for maximal extraction of DNJ from mulberry leaves by using RSM. Considering the fact that the content of DNJ in mulberry leaves might be too low to achieve its bioavailability, the extraction and concentration of mulberry DNJ by our UAE method represents something clinically meaningful.
Materials and Methods
Chemicals. Standard DNJ was purchased from Wako (Osaka, Japan). Ethanol, acetonitrile, and distilled water were obtained from Kanto (Tokyo, Japan). All other reagents used were of analytical grade.
Plant materials. Mulberry leaves of Morus alba L. Hayatesakari (a general specie in Japan) were purchased from a market in Nihonmatsu (Fukushima, Japan). The leaves were cleaned with water, lyophilized, and ground into powder.
Extraction and determination of mulberry DNJ. The mulberry powder was accurately weighted and subjected to UAE experiments under different conditions (ultrasonic power and extraction temperature; refer to details given later). Ultrasonication was performed by a VC502 high-intensity ultrasonic processor (600 W, 20 kHz; Sonics and Materials, CT, USA) equipped with a CV26 sonicating probe (Sonics and Materials). The extraction temperature was controlled by an SB-350 thermostated water bath (Eyela, Tokyo, Japan). After the UAE y To whom correspondence should be addressed. Fax: +81-22-717-8905; E-mail: nkgw@biochem.tohoku.ac.jp Abbreviations: DNJ, 1-deoxynojirimycin; UAE, ultrasound-assisted extraction; RSM, response surface methodology; FFD, fractional factorial design; HILIC-MS/MS, hydrophilic interaction chromatography coupled with tandem mass spectrometry experiments, the resulting extracted solution was filtered and then concentrated by an evaporator. The residue was accurately weighted, dissolved in 5 ml of ethanol, and a portion (5 ml) of the solution was subjected to hydrophilic interaction chromatography (HILIC) 6) coupled with tandem mass spectrometry (MS/MS) 14) for DNJ determination. The HILIC-MS/MS apparatus consisted of a liquid chromatograph (Shimadzu, Kyoto, Japan) and an API 3200 MS/MS (Applied Biosystems, CA, USA). The MS/MS parameters (e.g., collision energy) were optimized with standard DNJ under positive ion electrospray ionization. The standard or mulberry DNJ was separated in a HILIC column (TSK gel Amide-80, 2:0 mm Â 150 mm; Tosoh, Tokyo, Japan). The HILIC column was eluted with a binary gradient consisting of acetonitrile containing 0.1% formic acid (solvent A) and water containing 0.1% formic acid (solvent B). The gradient profile was as follows: 0-2 min, 20-60% B linear; 2-5.5 min, 60% B; 5.5-5.6 min, 60-20% B linear; 5.6-8 min, 20% B. The flow rate was adjusted to 0.2 ml/min, and the column temperature was maintained at 40 C. DNJ was detected in the post column by MS/MS with multiple reaction monitoring (MRM) for transition of the parent ion to the product ions. The concentration of mulberry DNJ was calculated from the calibration curve for standard DNJ. The extraction efficiency (DNJ yield (Y 1 ), amount (mg) of DNJ in the extract residue/ 100 g dry leaf powder) and extraction productivity (total extract yield (Y 2 ), weight (g) of the extract residue/100 g dry leaf powder) were also calculated.
Screening and optimization design. A two-step procedure was performed to optimize the UAE parameters involving (i) fractional factorial 2 ð5-1Þ design (FFD) for screening key parameters that significantly affected the extraction efficiency (DNJ yield, Y 1 ) and extraction productivity (total extract yield, Y 2 ) and (ii) central composite rotation design (CCRD) for optimizing the best UAE conditions for mulberry DNJ extraction by using RSM. 15) FFD involved a set of 16 experiments performed in duplicate. The following five potential parameters were investigated: x 1 , the percentage of ethanol in the extraction solvent (20%, 50% and 80%); x 2 , ratio of the extraction solvent to mulberry sample (10, 20 and 30 ml/g); x 3 , ultrasonic power (120, 210 and 300 W); x 4 , extraction temperature (40, 50 and 60 C); and x 5 , extraction time (60, 135 and 210 s). These factors were varied at three levels designated as À1, 0, 1 ( Table 1) . The variables were coded according to the equation
, where x i is the coded value of an independent variable, X i is the real value of an independent variable, X 0 is the real value of an independent variable at the center point, and Áx i is the step change value. A statistical analysis was performed with Minitab software 
Results

HILIC-MS/MS with MRM analysis of mulberry DNJ
When standard DNJ was analyzed by MS/MS with flow injection, DNJ showed an intense molecular ion at m=z 164 ½M þ H þ . Product ion scanning was therefore conducted for the ion, and DNJ-specific fragment ions (e.g.,
were identified ( Fig. 2A) . The ions (m=z 164 and 69) allowed selective detection of the analyte by using HILIC-MS/MS with MRM. The MRM chromatograms enabled standard DNJ (Fig. 2B ) and mulberry DNJ (Fig. 2C ) to be clearly detected with high sensitivity at 5.0 min. Mulberry DNJ was determined as 158 mg/100 g dry leaves. The accurate HILIC-MS/MS method was used for subsequent screening and optimization experiments.
Screening by FFD of UAE conditions for mulberry DNJ extraction
FFD screening experiments were designed to evaluate the impact of five potential parameters (percentage of ethanol in the extraction solvent (x 1 ), ratio of the extraction solvent to mulberry sample (x 2 ), ultrasonic power (x 3 ), extraction temperature (x 4 ), and extraction time (x 5 )) on DNJ extraction from mulberry leaves by using UAE. The results of 16 experiments, including 5 replicates at the center point, suggested that these five variables affected the extraction efficiency (Y 1 , 52-110 mg DNJ/100 g dry leaf powder) and extraction productivity (Y 2 , 10-27 g extract residue/100 g dry leaf powder) ( Table 1) . Based on the observed data, the 1 st Standard DNJ (500 ng/ml) was infused directly into MS/MS with a syringe pump at a flow rate of 0.01 ml/min, and product ion scanning for m=z 164 ½M þ H þ was performed (A). Standard DNJ (500 ng/ml) (B) or the mulberry leaf extract (each 5 ml) (C) was analyzed by HILIC-MS/MS with MRM for transition of the parent ion (m=z 164) to the product ion (m=z 69).
order model was analyzed by the multiple-regression technique, and a summary of the effect on Y 1 and Y 2 is shown in Table 2 . The results suggest that the most important independent variables (p < 0:05) were the ratio of the extraction solvent to mulberry sample (x 2 ), ultrasonic power (x 3 ), and extraction time (x 5 ). Consequently, these three factors were selected for further optimization by using RSM with CCRD.
Optimization of the extraction efficiency and extraction productivity by RSM
The extraction efficiency (DNJ yield, Y 1 ) and extraction productivity (total extract yield, Y 2 ) were optimized by RSM with CCRD, taking up to 20 sets of experiments ( (Table 5) , these 2 nd order models were considered to be significantly valid. To further evaluate the UAE factors, we plotted graphs between the ultrasonic power (x 3 ) and extraction time (x 5 ) (Fig. 3) . Both plots indicated mouth downwards, suggesting that there must be a maximum existing in our study range. Based on the contour plots (Fig. 4) , it was found that the highest amount of Y 1 (155 mg DNJ/100 g dry leaf powder) would be received when x 2 , x 3 and x 5 were set at 7 ml/g, 180 W, and 260 s, respectively. The maximum value for Y 2 (33 g extract residue/100 g dry leaf powder) would be obtained when x 2 , x 3 and x 5 were set to 35 ml/g, 275 W, and 60 s, respectively. The superior extraction efficiency (Y 1 ) and extraction productivity (Y 2 ) of UAE were apparent (Fig. 5) when UAE was compared with conventional solvent extraction.
16)
Discussion
Solvent extraction has been cited as the first important step for obtaining active ingredients from a broad range of sample materials such as plants and others. 8, 11) Conventional solvent extraction is generally based on the correct choice of solvent as well as use of heat and/or agitation to increase the solubility of the material and improve the mass transfer rate. However, solvent extraction often requires a long operation time and has 
Factor values
Response values low extraction efficiency of the target compounds. In addition, some volatile compounds may be degraded during thermal extraction. Ultrasound power has been applied to solve these problems for extracting various active ingredients, [8] [9] [10] [11] [12] and UAE has emerged as a promising alternative for extraction. [17] [18] [19] UAE utilizes acoustic cavitation to induce molecular movement of the solvent and sample, offering advantages like improved extraction yield, reduced extraction time, low solvent consumption, and a high level of automation, as compared to the conventional extraction methods. UAE can be carried out at a relatively low temperature to avoid thermal extraction damage and loss of volatile components, and it has no chemical involvement which could prevent possible chemical degradation of the target compound. RSM provides a useful statistical technique for optimizing complex processes, particularly chemical and engineering processes. 10, 11, 13, 15) In this study, RSM was used to optimize the UAE conditions to obtain the highest yield of mulberry DNJ. A reliable HILIC-MS/MS method was developed (Fig. 2) to provide accurate quantitative data of the mulberry DNJ content, because detecting DNJ by general HPLC 6, 7, 14) is difficult due to its high polarity and its lack of chromophore.
Due to the high polarity of DNJ, various kinds of polar solvents have been used for solvent extraction such as water, electrolyzed water, 20) and acetonitrile with water. 6) However, mixing a solution of methanol or ethanol and water has been the most commonly used solvent for DNJ extraction from the mulberry plant. 4, 7, 14, 16) Our preliminary experiment, under the same conditions, showed that the mulberry DNJ amounts extracted with methanol and ethanol were not significantly different (data not shown). We therefore used ethanol and water as the extraction solvent in this study in respect of toxicity and consumer safety.
The ratio in FFD screening experiments of the extraction solvent to mulberry sample (x 2 ), ultrasonic power (x 3 ), and extraction time (x 5 ) were found to be important for mulberry DNJ extraction (Tables 1 and 2) , possibly due to the cell wall and matrixes being broken by the mechanical force of UAE. The subsequent optimization experiments (Tables 3-5) revealed some useful information; e.g., the ratio of the extraction solvent to mulberry sample (x 2 ) was reduced with increasing ultrasonic power (x 3 ) and/or extraction time (x 5 ), this giving benefits for industrial use (e.g., a lower operation cost). Moreover, we created the consequent 2 nd order models which could predict the actual extraction yield with high accuracy. For instance, it was predicted that, by using RSM, the highest amount of DNJ (Y 1 ) would be obtained when the ratio of the extraction solvent to mulberry sample (x 2 ), ultrasonic power (x 3 ), and extraction time (x 5 ) were set to 7 ml/g, 180 W, and 260 s, respectively (Figs. 3 and 4) . Indeed, under the predicted conditions, most of DNJ (98%) in mulberry leaves could be extracted. Thus, regarding its (1) 300 (1) 210 ( advantages (e.g., high effectiveness and fast extraction), UAE might meet industry demands for producing DNJenriched products. Finally, to ensure that the optimized UAE conditions were effective for extracting DNJ from mulberry leaves, we compared the developed UAE method with conventional solvent extraction as described by Asano et al.
16)
Asano's method requires dry mulberry leaves (1 g) and 10 ml of a mixture of ethanol and water (50:50) with an extraction time of 0.5-2 h. As shown in Fig. 5 , UAE provided a superior yield of DNJ with a high extraction efficiency (98%) and productivity (20%), despite the relatively short extraction time.
Iminosugars (azasugars), including DNJ, are an important class of glycosidase inhibitor that have been receiving considerable attention as potential therapeutic agents (i.e., antidiabetics). 21, 22) Considering that mulberry DNJ could be suitable for use as a ''functional food,'' we had previously determined the effective dose of DNJ needed to suppress the elevation of postprandial blood glucose and the secretion of insulin. 4) Such a dose (about 6 mg) could be obtained from an extract rich in DNJ (155 mg DNJ/20 g total extract, equivalent to 0.8% wt of the extract) produced by UAE (Fig. 5 ), but not from currently available mulberry products due to their low DNJ content (around 0.1%). 6) This shows the good usability of UAE. For UAE, dry mulberry leaves (1 g) were extracted with 7 ml of a mixture of ethanol and water (50:50) for 260 s under sonication (180 W) at 50 C. For conventional solvent extraction, dry leaves (1 g) were extracted with 10 ml of a mixture of ethanol and water (50:50) for 0.5-2 h at room temperature. Mulberry DNJ in the extract was determined by HILIC-MS/MS with MRM, and the extraction efficiency (DNJ yield, Y 1 ) and extraction productivity (total extract yield, Y 2 ) were calculated. Each value is the mean AE S.D. (n ¼ 3).
In conclusion, UAE has the potential for mulberry DNJ extraction to improve efficiency and reduce operating time, and the results obtained in this study would have implications for nutraceutical industries. For instance, the extract rich in DNJ (0.8%) produced by UAE (Fig. 5) can provide an effective dose for the oral treatment of non-insulin-dependent diabetes mellitus (type 2 diabetes). This possibility will be more evaluated in clinical studies to obtain approval for Food for Specified Health Use (FOSHU) status in Japan. There are other iminosugars (e.g., fagomine) with unique bioavailability that are known to be present in mulberry leaves. 16) An additional study is therefore in progress to develop a new UAE method to simultaneously extract all mulberry iminosugars.
